ABSTRACT Rock materials used as building stone and construction materials are usually subjected to the corrosion of hydro-chemical solutions. To investigate the effect of chemical corrosion on the change of pore structure and mechanical properties of sandstones, the nuclear magnetic resonance (NMR) technique was used for the measurement of porosity and T 2 spectrum distribution. Series of triaxial compression tests with the confining pressure of 0, 5, 10, and 20 MPa were then conducted for rock specimens treated with chemical corrosions. The test results revealed that, compared with the rock specimens in their natural state, after chemical corrosion the porosity increased, the T 2 spectrum distribution was broadened successively, and the pore structure became more complex with the fractal dimension increasing. The proportions of pores with different sizes were various with the change of chemical solutions and the immersion time. Moreover, under a certain confining pressure, the peak strength, elastic modulus, internal friction angle, and cohesion of sandstone after chemical corrosions decreased, but the corresponding peak strain increased. A chemical damage variable was proposed based on the porosity of sandstone and the order of effect of chemical solutions on pore structure and mechanical properties of sandstone was obtained as H 2 SO 4 solution > NaOH solution > distilled water. Finally, a decay model considering both of chemical damage and confining pressure was established to predict the triaxial compressive strength of sandstone treated with chemical corrosion.
I. INTRODUCTION
Rock, as a natural material, has been widely used in various engineering, such as building foundations, slope, dams, nuclear waste geological repository, energy underground reservoir and carbon dioxide geological storage reservoir [1] - [3] . In these engineering applications, the rocks are likely to be exposed to various hydro-chemical solutions, then the pore structure will be altered by chemical corrosion, which
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thus influences the mechanical properties of rocks and the stability of the rock mass engineering [4] . Therefore, there has been an increasing interest in the study of alterations in the pore structure and mechanical properties of rocks subjects to chemical corrosion.
The deterioration of rock mechanical properties caused by water-rock reaction is mainly due to the change of rock microstructure, such as pore structure. In recent years, research on the changes of microstructure of rocks subjected to chemical corrosion increased gradually, and the most commonly used techniques are X-ray detection (XRD) [5] , [6] , scanning electron microscope (SEM) [7] - [9] , computerized tomography (CT) scanning [10] - [14] and NMR [15] - [20] . NMR is a non-destructive technique which has significant advantages in microstructure measurements in rocks, and has been widely used to measure the pore structure of rock, such as porosity [18] , T 2 spectrum distribution [16] , [21] - [24] . The pore size distribution (PSD) of rock has also been explored based on T 2 spectrum distribution, and many kinds of classification for pore size have been investigated [22] . All of these results are of great importance to understand the pore structure of rock at a certain state, but the research on the pore structure of rock exposed to chemical corrosion is still limited. Thus, it is necessary and innovative to investigate the alteration of pore structure of rock treated with chemical corrosion using NMR technique.
Due to the corrosion of chemical solutions, the mechanical properties of rocks deteriorate, such as compression strength and elastic modulus. Researches on rock mechanics damage under the immersion of chemical solution has been widely carried out. For example, Logan and Blackwell [25] quantitatively analyzed the effects of chemical corrosion on the internal friction angle of sandstone via a series of tests. Qiao et al. [1] studied the effect of ion concentrations and pH values on the microstructure and mechanical behavior of sandstone based on CT measurements and series of uniaxial compression tests. Karfakis and Askram [26] explored the effects of chemical solutions on fracturing properties of three kinds of rocks in five environments. Seto et al. [27] investigated the change of strength of sandstone under the effect of three chemical corrosions based on Brazilian tests and triaxial compression tests. Feng et al. [10] , [28] analyzed of the crack propagation behavior of prefabricated fractured limestone under uniaxial stress and chemical coupling by microscopy and charge coupled device (CCD) camera techniques. Wang et al. [2] and Xie et al. [29] experimentally studied the effect of acid solutions on the mechanical properties of sandstone by conducting a series of conventional triaxial compressive tests. Li et al. [30] , [31] investigated the change of pore structure and mechanical properties of limestone exposed to acid solutions by series of triaxial and cyclic load tests. Moreover, the relationship among mechanical properties and chemical damage variable has also been studied. Li et al. [32] studied the effect of acid solutions on the uniaxial compressive strength (UCS) of sandstone and defined the chemical damage variable in the form of the amount of soluble minerals and finally established a predict model of peak strength based on the chemical damage variable. Han et al. [33] , [34] explored the change of physical and mechanical properties of marble considering the effect of chemical corrosion and freeze-thaw cycling, such as the UCS, splitting tensile, peak strain and elastic modulus. From the results of experiments, the relationships among the mechanical properties and chemical damage variable were investigated. Ni et al. [8] experimentally investigated the deterioration of mechanical properties of granites under the effect of chemical corrosion and freeze-thaw cycling, and calculated the porosity of rock based on the P-wave velocity, then presented an expression of chemical damage variable and analyzed the relationship between deterioration of mechanical properties of rock and chemical solutions. Lin et al. [35] , [36] explored the erosion effect of H 2 SO 4 solution and NaOH solution on the porosity and mechanical properties of sandstone based on NMR technique. Shukla et al. [37] experimentally investigated the mechanical properties under uniaxial loading of two types of sandstone samples saturated in brines water of varying concentration. The results showed that the uniaxial compressive strength of sandstone specimens decreases first and then increases with the increase of brine concentration. To study the mechanical behavior of sandstone under different brine saturations, Huang et al. [38] carried out a series of triaxial compression tests and the results showed that as the confining pressure and NaCl concentration increased, the triaxial compressive strength, Young's modulus, cohesion, and internal friction angle all increased. The results of the previous studies are of great significance to understand the deterioration of mechanical properties of rocks under chemical solution conditions, but the previous results are far from fully understanding the effect of chemical corrosion on the change of mechanical properties of rock in practical engineering applications. Particularly, the effect of chemical solutions with various pH values on the mechanical properties of rock under triaxial compression tests has not been studied.
In this work, to investigate the alteration of pore structure and the deterioration of mechanical properties of sandstone treated with chemical corrosion, NMR technology was applied to detect the porosity and T 2 spectrum distribution of sandstone specimens, and a series of conventional triaxial compression tests with different confining pressures were carried out. Then the variety of mechanical properties were analyzed and a decay model of peak strength was established considering the effect of chemical corrosion and mechanical loading.
II. MATERIALS AND EXPERIMENTAL METHODS

A. MATERIALS PREPARATION
The rock material used in this study is fine-grained sandstone with a high degree of integrity and uniformity collected from Hunan Province, China. The mineral components of the sandstone were detected by X-ray detection, as shown in Fig. 1 . The mineral composition of sandstone is mainly quartz, feldspar, mica, etc.
According to the standards of International Society for Rock Mechanics (ISRM) suggested [39] , all sandstones were cut into cylinders with a diameter of 50 mm and a height of 100 mm. Both end surfaces of the specimens were carefully ground to ensure the roughness was less than 0.2mm and the non-parallelism was within ± 0.1%. In order to ensure the reliability of the test results, the selected rock samples belong to the same block. Moreover, the specimens were selected by comparing the density, longitudinal wave velocity (LWV) and NMR porosity. The mean porosity, density, and LWV of the selected specimens were 5.12 %, 2.46g/cm3, 2320 m/s, respectively.
To investigate the effect of chemical corrosion on the pore structure and mechanical behavior of sandstone, three aqueous chemical solutions with varying pH values were prepared, i.e., an acidic solution with 0.01 mol/L H 2 SO 4 (pH = 2), distilled water (pH = 7), and an alkaline solution with 0.01 mol/L NaOH (pH=12). Taking into account the specimens in natural state as well as the specimens saturated in three kinds of chemical solution, there are four test groups, and each group concluded three specimens. The specimens in natural state are considered as the reference group.
B. TEST PROCEDURES AND EXPERIMENTAL SETUP
In this study, all specimens were prepared and tested following these steps: (1) Specimens were prepared and screened for anomaly in preparation quality, LWV and NMR microstructure; (2) Specimens were saturated with either a 0.01 mol/L H 2 SO 4 solution (pH=2), a 0.01 mol/L NaOH solution (pH=12), or distilled water by the vacuumization method at room temperature of 25 • C. The depth of the chemical solutions exceeded the height of the specimens by 5 cm.
(3) Specimens were tested for porosity and T 2 spectrum distributions every 10 days, and pH values of chemical solutions were also measured by PHS-25 digital pH meter; (4) When the porosity of samples and pH values of different chemical solutions tended to be stable (the water-rock reactions reached equilibrium), series of triaxial compression tests of the saturated sandstone specimens with various confining pressures were carried out. The confining pressure was 0, 5, 10, and 20 MPa, respectively. NMR technology has been widely used to measure the porosity and pore size distribution of rock materials [19] , [40] - [42] . In this study, the AniMR-150 NMR system ( The conventional triaxial compression tests with various confining pressures (0, 5, 10 and 20MPa) were conducted on the MTS 815 material testing system (Fig. 2b) with a maximum loading capability of 2600 KN. The experiment used the axial stress control and the loading rate was a constant of 0.1KN/s. During testing, the load and displacement were recorded directly by the system. In this study, the triaxial compressive strength was the peak load when the specimen failed, and the elastic modulus was the slope of the approximate line segment in the stress-strain curve.
C. NMR MECHANISM
NMR technique has been widely used to investigate the microscopic structure of rocks. The transverse relaxation time T 2 of NMR can be used to explore the PSD of sandstones. The mechanisms of NMR porosity and relaxation have been reported in detail in previous studies [4] , [22] , [35] , [43] , [44] . Thus, only a basic description is listed here.
According to the principle of NMR technique, the transverse relaxation time T 2 of NMR mainly depends on the surface-to-volume ratio of internal pores, and the transverse time T 2 can be expressed as
where T 2 is the transverse relaxation time (ms), ρ 2 is the intensity of surface relaxation (µm/ms), s and V are the surface area (cm 2 ) and volume of the pore (cm 3 ), respectively. As can be seen, the value of T 2 is determined by the rock type (ρ 2 ) and the specific surface area of pores (s/v). The specific surface area of pores is associated with pore structure. Moreover, the pores in rock are generally simplified into spherical pores and columnar pores. Then the relationship between the specific surface area and pore radius is a linear function. Thus, the transverse relaxation time T 2 can be expressed in the form of pore radius, that is:
where F s is geometric factor, F s = 3 for spherical pores and F s = 2 for columnar pores. r is the pore radius (µm).
and C is called the conversion coefficient. For a certain type of rock, the values of the intensity of surface relaxation and the geometric factor are constants. It is obvious that C is a constant. Then Eq. (2) can be simplified as:
From Eq. (3), it can be conclude that the pore size distribution (PSD) is associated with the T 2 distribution: the smaller the transverse relaxation time T 2 is, the smaller the size of the corresponding pore is [45] . Particularly, the PSD could be obtained when the conversion coefficient C is determined. It also should be noted that the porosity component depends on the number of pores, the greater the porosity component is, the larger the number of pore with a certain size is. Therefore, the development and expansion of pores within the rock can be understood by examining the T 2 spectrum distributions. eventually tended to reach equilibrium and stabilize. In other words, the water-rock system tended to reach acid-base equilibrium as time passed.
III. PORE STRUCTURE ALTERATIONS BASED ON NMR MEASUREMENT A. CHANGES IN PH OF THE SOLUTIONS
B. POROSITY INCREMENT OF SANDSTONE SPECIMENS
Obviously chemical corrosion of pore structures of sandstone is time-dependent, reflecting the kinetics of the chemical reaction between active minerals in sandstone and ions in the solution. The average porosity of specimens treated in different solutions against time are shown in Fig. 4 . Clearly porosity increases in all cases with time, indicating the occurrence of mineral dissolutions in these cases. For distilled water, any significant increment only happens in the first 30 days and little increase is observed afterwards. Acidic solution produces the highest corrosion in this case followed by the alkaline one. For both cases, as expected, the mineral dissolutions occur quickly initially and then gradually slow down until after 50 days when little changes in porosity is observed. The ascending effect order of hydro-chemical solutions on the development of porosity of the sandstone specimens is H 2 SO 4 solution, NaOH solution and distilled water, respectively.
C. CHARACTERISTICS OF T2 SPECTRUM
The T 2 spectrum distribution of sandstone specimens with different time immersed in different hydro-chemical solutions is shown in Fig. 5 . The PSD are dynamically changing and the characteristics of pore development inside the sandstone specimens are as follows. 1) Three peaks are clearly visible in T 2 distributions for specimens at the natural state, indicating that the pores of rock samples are mainly concentrated in three sizes. The porosity component of the pore distribution in the three sizes are different, and that of the first two peaks are larger, which illustrates that the pores of the two sizes play dominant roles. 2) The T 2 distribution for the sandstone specimens at the natural state is narrow and then gradually broadened with the soaking time increasing, suggesting that new pores are being constantly generated and the sizes of pores keep increasing. This furthermore indicates that the water-rock interaction promotes the expansion of small pores into large pores. 3) Distinct also exists. As shown in Fig. 5a and b, four peaks develop for the specimens after 10 days of immersion in H 2 SO 4 or NaOH solutions, and the relaxation time of the new peak is the smallest, which means that new pores are generated and concentrated on certain sizes, and the sizes of the new pores are smaller than that of the initial pores. However, it is obvious that no new peak generates in Fig. 5c , indicating that very little new pores develop and not concentrated on a certain size when soaked in distilled water. 4) Moreover, after 50 days immersion in H 2 SO 4 or NaOH solutions, the distributions of T 2 spectrum hardly change, indicating the interaction between the sandstone and H 2 SO 4 or NaOH solutions reaches equilibrium. But the time is 30 days when the sandstone specimens soaked in distilled water. This may be mainly due to the fact that the amount of H + and OH − in distilled water is less than that in H 2 SO 4 or NaOH solutions. As mentioned in section 2.3, the PSD could be obtained when the conversion coefficient C is determined. The value of the conversion coefficient is regionally empirical. Studies have shown that the C value of the most sandstones is ranging from 0.01 to 0.15µm/ms in China [46] . Li et al [22] assumed that the C value is 0.1µm/ms and quantitatively explored the dynamic evolution characteristics of pores with different sizes inside sandstones under the effect of freeze-thaw cycle. In this work, the conversion coefficient is also determined as 0.1µm/ms. Then Eq. (3) could be written as
Based on Eq. (4), the pore size can be obtained and shown in Fig. 5 . To quantitatively explore the PSD of sandstone specimens treated with chemical corrosion, it is necessary to classify the pores and compare the changes in each type of pores.
Various kinds of classification for pore size of different types of rocks have been investigated according to the pore distribution and the details are listed in Table 1 . But there is no uniform standard for the classification of pore sizes, and all of the existing classification methods are unsuitable for all types of rocks, particularly rocks that experience different process of chemical corrosion. As shown in Fig. 5 , the relaxation time of the sandstone specimens used in this study is in the range of 0.01-10000ms, then the pore radius range from 0.001 to 1000µm. According to the existing classification standards in Table 1 and the PSD of the sandstone specimens used in this study, the pore sizes of sandstone treated with different chemical corrosions can be divided into four categories as shown in Fig. 5: (1) nano-pores, r ≤ 0.1µm; (2) micro-pores, 0.1µm < r ≤ 1µm; (3) meso-pores, 1µm < r ≤ 10µm; (4) macro-pores, 10µm < r ≤ 1000µm.
The proportion of the four pore types of the sandstone specimens with different time immersion in hydro-chemical solutions are calculated and shown in Fig. 6 . Noted that the proportions directly reflect the porosity of the four pores. Obviously the amount of the four types of pores are dynamically changing. After 0 and 50 days immersion in hydro-chemical solutions, some similar change trend can be concluded, i.e., nano-pores, micro-pores and meso-pores play dominant roles with the sum of proportions larger than 90%; the order of the porosity of the four pores is: ρ macro−pores < ρ nano−pores < ρ micro−pores < ρ meso−pores . After 50 days immersion in hydro-chemical solutions, both of the proportions of meso-pores and macro-pores increase, while the proportion of micro-pores decreases in different degrees. That is the distribution of T 2 spectrum curves moved to right. However, distinct also exists when it comes to different hydro-chemical solutions. For sandstone specimens immersed in H 2 SO 4 or NaOH solutions, the increment of the proportion of macro-pores is more significant and the value of increment is 67.90% and 19.53%, respectively. Meanwhile, the proportion of nano-pores increases by 3.22% and 9.28%, respectively. All of these suggest that the samples immersed in H 2 SO 4 or NaOH solutions have both expansion of pores and generation of pores. In distilled water, the proportions of nano-pores and micro-pores decrease by 8.89% and 9.12%, respectively, and the percentages of meso-pores and macro-pores increase by 11.77% and 11.33%, respectively. Thus, we can conclude that the increase of porosity of sandstone specimens immersed in distilled water is mainly caused by the expansion of pores, specially the expansion of micro-pores to meso-pores.
D. FRACTAL DIMENSION BASED ON NMR T2 SPECTRUM
To investigate the complexity of pore development inside rocks, many previous studies explored the fractal feature of pore structure based on various methods [12] , [16] , [53] . NMR T 2 spectrum distribution is a feasible and reliable method to acquire the fractal dimension of pore structure which has been widely used [6] , [54] , [55] . In this study, the method is also used. In the method, the fractal dimension is calculated using the Frenkel-Halsey-Hill (FHH) model which has been recorded in detail in many literatures [54] - [56] . Thus, only a basic description is listed here.
As mentioned in many studies, the following equation can be used to calculate the fractal dimension of pore structure inside rocks.
where S v is the ratio of cumulative pore volume below the relaxation time T 2 to the total volume of pores, D f is the fractal dimension and T 2max is the maximum of the relaxation time, ms. The sandstone sample with 50 days immersion in H 2 SO 4 solution is taken as an example and the relationship between lg(S v ) and lg(T 2 ) is shown in Fig. 7 . The regression result shows that the linear function can fit well with the relationship with R 2 = 0.847, which indicates that the pore structure has fractal characteristics. Figure 8 displays the variation of fractal dimension of the sandstone samples immersion in hydro-chemical solutions. The values of fractal dimension increase significantly with the soaking time increasing, indicating that the pore structure is becoming more complex with the increasing of soaking time in hydro-chemical solutions. Figure 8 also appears that the increasing rate decreases slowly with increasing soaking time, which is consistent with the variation of porosity. However, distinct also exists. The increments of fractal dimension of sandstone specimens soaked in acid and alkaline solutions are larger than that of specimens in distilled water, which is also similar to the variation of porosity. Both of these suggest that the fractal dimension of NMR can be used to characterize the pore structure inside rock. Furthermore, it should be noted that no significant positive correlation exists between the fractal dimension and porosity. The definition of chemical damage variable has been widely explored and many factors have been used to establish the model of the variable, such as elastic modulus, residual strength, maximum strain [57] . Meanwhile, porosity [8] , [34] , CT number [12] - [14] and rock density [57] were also introduced to establish the model and reliable results were obtained. To establish a reasonable damage variable, the following requirements must be relied upon: 1) it has actual physical meaning; 2) the data is easy to be obtained or calculated; 3) it can reflect the initial damage and the evolution of the micro damage inside the rock [30] , [58] . For the sandstone treated with chemical corrosion, the change of porosity is the root cause of degradation of mechanical properties [31] . Moreover, the initial porosity can be measured by NMR technique, and then the initial damage can be taken into consideration in this method. Thus, the chemical damage variable is defined in the form of porosity of the sandstone specimens in this study.
According to the previous results [8] , [33] , [59] , the chemical damage variable can be calculated as
where ∅ t is the porosity of sandstone specimens treated with chemical corrosion, and ∅ 0 is the initial porosity of the sandstone specimen. Based on Eq. (6), the chemical damage variable can be acquired and the results are shown in Fig. 9 . It can be seen that all of the chemical damage variables are larger than zero, indicating that the interactions between hydro-chemical solutions and sandstone aggravate the damage of the rock. Moreover, it is obvious that the ascending order of the chemical damage variable is: D H2SO4 > D NaOH > D distilled water , which appears that H 2 SO 4 solution has the largest influence on the damage of sandstone and the effect of distilled water is the weakest. Figure 10 shows the stress-strain relationships of sandstone under a coupled effect of chemical corrosion and confining pressure. It can be seen that several characteristic stages are included in the curves [60] - [62] : (I) compaction stage, (II) quasi-linear elastic stage, (III) yield stage, (IV) strain-softening stage. Both of chemical corrosion and confining pressure have significant effects on the mechanical behavior of sandstone, and the following patterns could be concluded by comparing the changing features of the curves. 1) For low confining pressures (0 and 5 MPa), the compaction stage of the curves of sandstone specimens are more obvious. This may be due to that the initial micro-cracks and pores start to close, and the rock is compacted. Most initial pores and micro-cracks have been closed by higher hydrostatic confining stress, causing the percentage of compaction stage decreases or even disappears with increasing the confining pressure. Meanwhile, the compaction stages of the sandstone specimens treated with chemical corrosion are longer than that of the specimens under the natural state.
IV. EVOLUTIONARY CHARACTERISTICS OF MECHANICAL PROPERTIES OF SANDSTONE UNDER DIFFERENT CONDITIONS A. STRESS-STRAIN RELATIONSHIPS
2) The linear elastic portions of the stress-strain curves of sandstone specimens become longer with the confining pressure increasing. When the confining pressure is higher enough, the specimens shifted directly to the elastic stage. Moreover, the linear elastic stage of the curves of the sandstone specimens immersed in different chemical solutions become shorter than that of the specimens under the natural state, and the change law of the yield stage is opposite. Both of these indicate that the plasticity and the ductility of the sandstone specimens immersed in chemical solutions are enhanced.
3) The strain-softening stages of the stress-strain curves are more significant when the sandstone specimens immersed in chemical solutions, which also appears that the sandstone becomes more plastic and ductile. When immersion in the same chemical solution, the strain-softening stages of the stress-strain curves of sandstone specimens become less evident with the confining pressure increasing. Figure 11 shows the relationship between the average values of the peak strength and the confining pressures for a certain chemical damage variable. It is obvious that the peak strength increases with the confining pressure increasing and the relation between the peak strength and confining pressures is a linear function, which has been recorded by many literatures [34] , [63] , [64] . Furthermore, Figure 11 also illustrates the variety of the average values of peak strength of sandstone specimens treated with different chemical corrosions under a certain confining pressure, and the order of peak strength is σ natural > σ distilled water > σ NaOH > σ H 2SO4 . The results indicate that the interactions between sandstone and hydro-chemical solutions result in the increase of porosity and alterations of pore structure, thus leading to a decrease in peak strength. The results are in accordance with the conclusions of other literatures [33] , [34] , [36] .
B. PEAK STRENGTH
C. PEAK STRAIN
The change of axial peak strain (peak strain) corresponding to the peak strength under different chemical corrosion and loading conditions is shown in Fig. 12 . Notably, the peak strain of sandstone specimens exposed to the same chemical solution increases with increasing the confining pressure. For VOLUME 7, 2019 example, for sandstone specimens immersed in NaOH solution, the peak strain at the peak strength is 9. 
D. ELASTIC MODULUS
Macroscopically, the elastic modulus is a measure of anti-deformability of rock [7] . At the microscopic level, the elastic modulus is a reflection of the bonding strength between atoms, ions or molecules. The variety of elastic modulus of sandstone specimens under the effects of chemical corrosion and confining pressure is shown in Fig. 13 . As can be seen, significant deterioration of elastic modulus occurs when sandstone specimens treated with chemical corrosion, indicating that the anti-deformability of sandstone decreases with the chemical damage increasing. The following relationship between the elastic modulus depending on the chemical corrosion can be found: E natural > E distilled water > E NaOH > E H 2SO4 .This may be caused by a decrease in bonding strength resulting from the change in pore structure and the interaction between sandstone and chemical solutions. Figure 13 further depicts the relationship between the elastic modulus and the confining pressure. It is obvious that the elastic modulus increase with increasing the confining pressure when the sandstone specimens immersed in a same hydro-chemical solution.
E. INTERNAL FRICTION ANGLE AND COHESION
For sandstone samples treated with different chemical corrosions, the relationship between peak strength and confining pressure can be described as linear functions as mentioned in section 4.2. Thus, the internal friction angle and cohesion of the sandstone specimens could be obtained based on the Mohr-Coulomb criterion which has been widely used [34] , [65] , [66] . The change of the internal friction angle and cohesion of sandstone specimens with different chemical corrosion is shown in Fig. 14 . It can be seen that both of the cohesion and internal friction angle of samples immersed in hydro-chemical solutions are smaller than those of sandstone specimens in natural state, and the decay characteristics are similar. The internal friction angle follows the order ϕ natural > ϕ distilled water > ϕ NaOH > ϕ H 2SO4 , and the cohesion follows the order c natural > c distilled water > c NaOH > c H 2SO4 . However, distinct also exists. The decrease of cohesion is greater than the decrease of the internal friction angle, suggesting that the cohesion of sandstone samples is more sensitivity to chemical corrosion.
F. CORROSION MECHANISM ANALYSIS
Water-rock interactions, including hydro-physical effects and hydro-chemical effects, result in changes in the physical and mechanical properties of rocks. In terms of hydro-physical effects, the dissolution of water on rocks reduces the physical and mechanical properties of rocks by reducing the interconnection between the mineral particles and the effectiveness of confining pressure. In terms of hydro-chemical effects, the effects deteriorate the physical and mechanical properties of rocks by changing the mineral components and microstructure of rocks, such as the size of particles, pore structures and crack morphology. And the effects of hydro-chemical is more significant [36] . Due to the different mineral components of different rocks, the reactions between rock and chemical solution are also different. The main components of sandstones used in the study are quartz, feldspar, mica, calcite and chlorite. Since quartz (75%), feldspar (12%) and mica (7%) account for 94% of the total mineral composition, the reactions between quartz, feldspar, mica and the chemical solution have the largest influence on the porosity and mechanical properties of the specimens. The details of reactions between minerals of sandstone specimens and chemical solutions are described as Table 2 .
In distilled water, quartz is the main mineral which is involved in the reaction and the amount of dissolution is limited. Therefore, the pore structure of sandstone specimens is damaged and the change of porosity is little. In H 2 SO 4 solution, almost all of the mineral components react with the chemical solution, which results in the most significant increase in porosity of specimens soaked in H 2 SO 4 solution. In NaOH solution, most of the mineral components including quartz, feldspar and mica are involved in chemical reactions. However, the reaction product of Ca(OH) 2 is insoluble deposits, which will fill pores to a certain extent reducing the effect of the chemical corrosion from the NaOH solution. Therefore, the pore structure of sandstone specimens is damaged but less seriously than that in the H 2 SO 4 solution. From the results, it can be concluded that (1) dissolution, hydrolysis and acid-base reaction are the main factors which influence the effect of water-rock reaction, and (2) different minerals have varying chemical solution sensitivities. Chlorite, feldspar and calcite (the main component of cement) are more active in H 2 SO 4 solution, and quartz (composition of coarse aggregate) is unstable in NaOH solution. The deterioration of the mechanical properties of rocks caused by the dissolution of cement is more significant than that caused by the dissolution of the aggregate [1] , [67] . Therefore, the reduction in the strength of sandstone specimens saturated with H 2 SO 4 solution is more significant.
V. DISCUSSION
The alterations of the peak strength of sandstone under a certain confining pressure with different chemical damage variables are shown in Fig. 15 . We can see that the peak strength decreases with the chemical damage variable increasing. It also appears that both of the confining pressure and chemical damage have influence on the peak strength. The relationship between the peak strength and chemical damage variable could be described as the power function shown in Eq. (7).
where σ 1 is the triaxial compressive strength (peak strength), a and b are constants obtained by regression analysis.
The fitting curves are plotted in Fig. 15 and the regression results are listed in Eq. (8) . The equations can be used to predict the peak strength of rock under a specific confining pressure. While it is unpractical to obtain the peak strength of rock under any confining pressure via series of mechanical tests. Therefore, this addresses a need to establish a new decay model considering both of the chemical damage and confining pressures.
As known, the peak strength of rock under a confining pressure could be obtained by a certain strength criterion. As mentioned in section 4.5, the mostly widely used strength criterion is the Mohr-Coulomb (M-C) strength criterion, and the criterion has been successfully used in many studies to obtain the peak strength of rocks. The M-C criterion is also adopted in this study and then the peak strength of sandstone specimens can be expressed as
where (9) illustrated that the relation between the peak strength and confining pressure is a linear function, and the determination of the internal friction angel and cohesive strength are of high importance. Additionally, the internal friction angel and cohesive strength are significantly influenced by chemical damage. Based on the correlations among internal friction angle, cohesive strength and chemical damage variable, the decay model of the peak strength can be established. Figure 16 showed the variation of internal friction angle and cohesive strength of sandstone versus the chemical damage variable. The fitting equations based on three regression functions are listed in Table 2 . It can be found that the reciprocal equation is the best-fit relationship among internal friction angle, cohesive strength and chemical damage variable with the highest correlation coefficient of 0.987 and 0.903. Thus, the reciprocal equation is substituted into Eq. (9), and then the decay model of peak strength considering the chemical damage and confining pressures can be expressed Table 3 . It can be seen that the models proposed in this paper have good basic prediction capability with the error < 6%, meaning that the decay model is valid and applicable for the triaxial compressive strength prediction.
VI. CONCLUSION
In this study, the changes in pore structure and mechanical properties of sandstone with different chemical corrosion were investigated via NMR technique and triaxial compression tests with different confining pressures. The effect of chemical solutions on the degradation of mechanical properties of sandstones was also explored. The following conclusions can be drawn from this work:
1) The chemical corrosion has significant influence on the alteration of pore structure of sandstone. Under the effect of chemical corrosion, the porosity increase, the T 2 distribution is broadened, secondary pores are generated and small pores expand into macro-pores. The fractal dimension tends to become larger and the pore structure tends to be more complex. Moreover, the pore sizes are divided into four categories: nanopores, micro-pores, meso-pores and macro-pores.
2) The effect of chemical corrosion is time dependent. The porosity, proportion of pores with different sizes and the fractal dimension are various with the immersion time. Before reaching the equilibrium of water-rock reaction, the increase rate of porosity and fractal dimension decrease gradually and the proportion of the four pores varies with the immersion time increasing. However, distinct exists in the damage of the chemical solutions. The damage of H 2 SO 4 solution is the largest, followed by that of NaOH solution and distilled water, respectively. 3) The triaxial stress-strain curves of sandstone specimens treated with chemical corrosion have obvious phase characteristics and the plasticity and the ductility of the sandstone specimens immersed in chemical solutions are enhanced. Additionally, the deterioration of mechanical properties of sandstone treated with chemical corrosion is obvious. At a certain confining pressure, the peak strength, elastic modulus, internal friction angle and cohesion decrease with the chemical damage variable increasing. While the peak strain increases as the chemical damage increases. 4) A decay model of the peak strength of sandstone considering the effect of chemical corrosion and confining pressure is established. It is valid and applicable to obtain the triaxial compressive strength of rock materials under the effect of chemical corrosion.
VII. SCOPE FOR FUTURE STUDY
The main objective of the work is to investigate the effect of chemical solutions on the pore structure and mechanical properties. However, it should be noted that both of the ion concentration and pH value have significant effects on rocks. Therefore, more attention will be focused on these work in further. Moreover, the effect of brine water on the mechanical behavior of rock has been attracting attention. The results of previous literatures suggest that the effect of brine water on the mechanical properties of sandstone is very significant, and the erosion effect varies with the difference of concentrations of brine water [37] , [38] . Meanwhile, it can be found that the effect of brine water on the mechanical behavior of sandstone is different from that of sulfuric acid solution or NaOH solution. Therefore, it is necessary and meaningful to investigate and compare the effect of brine water, H 2 SO 4 solution and NaOH solution on the physical and mechanical properties of sandstone, which will be carried out in the next work.
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